INTRODUCTION
Lepeophtheirus salmonis (Krøyer, 1837) is a naturally occurring marine parasite of salmonids and is a concern for farmed Atlantic salmon Salmo salar L. and wild salmonid fisheries (Costello 2009a) . L. salmonis has been implicated in the decline of salmonid populations on the west coast of Ireland , Whelan 1993 , Scotland (Walker 1994 ) and even globally (Ford & Myers 2008) .
Farmed Atlantic salmon are put to sea from freshwater and initially bear no Lepeophtheirus salmonis infections. Escaped farmed fish, non-salmonid wild hosts and remote farms may represent sources of lice; however, Bron et al. (1993) opined that the initial louse infection of farmed Atlantic salmon smolts probably results principally from wild salmonids. L. salmonis can be found on non-salmonid fish, e.g. saithe Pollachius virens L. (Bruno & Stone 1990) and sea bass Dicentrarchus labrax L. ), but there is no report of L. salmonis being able to complete its lifecycle on such fish. Once infected, farms can magnify infection pressure in the local environment (Murray 2009 ) by amplifying the potential for the parasites to encounter and infect near-by farmed and wild salmonids (Revie et al. 2009 ).
Planktonic sea lice larval development consists of 2 naupliar stages and 1 copepodid stage, the latter being older and more developed. Lepeophtheirus salmonis infection spreads primarily via the infective copepodid stage , Costelloe et al. 1995 , Finstad et al. 2000 , although adults, particularly males, are also known to transfer between hosts (Connors et al. 2008) . Previous plankton surveys in Loch Torridon (Mc Kibben & Hay 2004 , Penston et al. 2004 , 2008a ) and a coupled hydrographic-particle tracking model de veloped for that area (Murray & Gillibrand 2006 , Amundrud & Murray 2009 ) indicate that louse larvae can be trans-ported several kilometres. A study in the Loch Torridon system (and elsewhere) highlighted an apparent link between salmon farming and louse burdens on wild sea trout Salmo trutta L. (Middlemas et al. 2010) .
Control of Lepeophtheirus salmonis infections is managed on Atlantic salmon farms through applications of a variety of medicines and husbandry practices. The 2 most commonly used chemotherapeutants for controlling L. salmonis are cypermethrin and emamectin benzoate (Lees et al. 2008) . Husbandry practices, such as single year-class stocking, synchronised fallow periods and coordinated louse treatments (Bron et al. 1993 , Grant & Treasurer 1993 , Anonymous 2006 can be employed as measures to control L. salmonis populations and to reduce potential for farm louse interactions with wild fishes. Another proposed measure to limit sea louse interactions between wild and farmed salmonids is farm relocation (Rosenberg 2008) .
To date, there are no reports presenting data on the consequences for larval sea louse distribution of relocating an Atlantic salmon farm. The objective of the present study was to determine if, and how, the relocation of a farm affected the distribution of planktonic Lepeophtheirus salmonis larvae in the Loch Torridon management area. Given that Atlantic salmon farms have been found to be significant sources of larval lice in this study area (Penston & Davies 2009) , the removal of one of the farms could be expected to reduce the densities of larval lice at the site vacated by the farm.
MATERIALS AND METHODS
Study area. The Loch Torridon system on the northwest coast of Scotland, UK, contains 3 fjordic basins; Lower Loch Torridon, Loch Shieldaig and Upper Loch Torridon. For an in-depth description of the Loch Torridon system see Gillibrand & Amundrud (2007) and Penston & Davies (2009) . Six small rivers enter the Loch Torridon system, 3 of which contain salmonids. The Rivers Shieldaig, Balgy and Torridon (see Fig. 1 ) have populations of sea trout. The Rivers Balgy and Torridon also have populations of wild Atlantic salmon.
During the study period (2004 to 2008) there were initially 5 Atlantic salmon farms in Loch Torridon with maximum consented biomasses varying from 250 to 1375 t at the start of the study (see Fig. 1 ). The study was carried out over 4 yr, and within that period 2 production cycles were completed at the farms. Farms 1 and 3, in synchronous production, stocked lice-free Atlantic salmon smolts (young salmon) (Fig. 1) . The naming of these stations is carried forward from Penston et al. (2008a) . A plankton net of mouth diameter 0. , respectively. Samples were collected and prepared for analysis as described in Penston et al. (2008a) . Extracted louse larvae were preserved in 70% ethanol.
Identification. Out of a total of 502 samples taken over the 4 yr period, 148 contained caligid copepodids and 88 contained nauplii. With reference to descriptions in Schram (2004) , copepodids were identified to species in 45 (30%) of the copepodid-positive samples using a high-powered inverted microscope (Zeiss ® , Axiovert 200). In the 2 samples that contained >15 copepodids, only 15 individuals were identified to species level. No attempt was made to identify the nauplii by microscopy or to distinguish between the 2 naupliar stages. We report the ratio mean density of nauplii divided by the sum of the mean density of nauplii and copepodids (n:n+c) recovered at each station in each cycle to provide an index of larval demographics. Henceforward this ratio is referred to as the 'nauplius fraction'.
From a random selection of 61 of the 88 samples that contained nauplii, 1 nauplius per sample was analysed by real-time PCR. Selection of 1 nauplius per sample gave the species distribution from the range of populations sampled and it was not intended to identify the species composition in individual samples. In each case, the nauplius chosen for analysis was simply the first one out of the specimen vial storing the louse larvae of that sample. The DNA of individual nauplii was obtained by incubation for 3 h at 55°C in 15 µl lysis buffer containing 1 × Tris-EDTA (TE) buffer, 0.45% Tween 20 (Sigma), 0.45% NP40 (Sigma) and 20 mg ml -1 proteinase-K (Sigma) followed by incubation at 95°C for 5 min to inactivate the enzyme. Real-time PCR was carried out as previously described by McBeath et al. (2006) , using 1 µl lysate and the Lepeophtheirus salmonis assay only. Negative and inconclusive results were re-analysed using both the L. salmonis and Caligus elongatus von Nordmann 1832 assays. A threshold cycle value (C T ) result of < 32 was classed as positive and > 32 was classed as inconclusive.
Testing for differences in Lepeophtheirus salmonis densities. Due to highly dispersed counts at several stations, the coefficient of variation (CV) of the mean density of larval sea lice during Cycle 1 was > 50%. Thus, it was impossible to detect a difference in mean densities between Cycles 1 and 2 by estimating mean density directly from the data.
A more sensitive test is to model the mean density and compare the modeled means. Following Penston et al. (2008a,b) larval Lepeophtheirus salmonis density was modeled continuously through Cycles 1 and 2 with a generalized additive model (GAM; Wood 2006) . Larval counts are assumed to follow a negative binomial distribution. We modelled density directly by using a log link with log sample volume as an offset. A smooth function (thin plate regression spline with a maximum of 9 degrees of freedom) was used to describe the trend in time. A small number, at most 0.003 larvae m -3
, was added to the counts of some stations to alleviate problems with numerical stability caused by continuous periods of zero counts.
To test for a difference in mean density between cycles, a parametric bootstrap approach was used (Davidson & Hinkley 1997) . Using the regression coefficients and their variance-covariance matrix, R = 9999 density curves were simulated representing the distribution of the estimated density trend. For each simulation, the mean in each cycle can be estimated by integrating, or summing up, the density curve from each cycle. In practice, the approximate mean from each cycle was calculated by numerical integration: predicting over a fine grid of time and taking the average for each cycle (x 1 and x 2 ). The p-value for the 2-tailed test of the null hypothesis that the mean densities in the 2 cycles are equal is where R = 9999, t i is the comparison x 1 > x 2 for the ith simulation and I(t > 0) is the indicator function for the event t > 0, which takes the value 1 when the event is true and zero otherwise; see for example Davidson & Hinkley (1997) .
RESULTS
Approximately half (48%) of the plankton samples that contained nauplii also contained copepodids and 39% of samples containing copepodids also contained nauplii. A maximum of 13% (8) (Table 1) were all found at different stations and during different years. The 4 nauplii that were inconclusively identified were from 3 different stations and no other louse larvae were found in these samples. The C T values of these samples were too high to be confidently said to be, based on previous experience (A. J. A. McBeath pers. obs.), a 'true' positive. Over 85% of the nauplii analysed mo lecularly were identified as L. salmonis. One copepodid was identified morpho logically as Lernaeenicus sprattae (Sowerby); all the others were identified as L. sal monis. Across all stations, 192 nauplii and 269 copepodids were recovered in Cycle 1 and 679 nauplii and 1065 copepodids were recovered in Cycle 2. In Cycle 1, densities of larval lice were low at all sampling stations, except Stn H, near the relocating farm. In Cycle 2, densities of larval lice were higher at several of the sampled stations (Fig. 2) . In Cycle 1, nauplii were absent or present in low densities at Stns A and E while the greatest mean densities of nauplii and copepodids were found at Stn H ( Table 2) . The mean densities of nauplii and copepodids found at all stations in Cycle 2 were greater than in Cycle 1, except at Stn H. In Cycle 2, the greatest mean densities of nauplii were recovered at stations near farms (C and G), while the greatest mean densities of copepodids were recovered at Stns G and A, the latter of which was furthest from the farm sites. Although a relatively high mean density of copepodids was evident at Stn A, the mean density of nauplii at that station was the second lowest found in Cycle 2 (Table 2) .
In Cycles 1 and 2, the highest nauplius fraction occurred at Stns C and G (adjacent to farms) with a lower fraction near Stn H in Cycle 1 (the relocating farm site), which fell close to zero in Cycle 2 (Table 2) . Stns E and A had relatively low nauplius fractions, although the fraction increased at Stn E in Cycle 2. In Cycle 2, the lowest nauplius fraction occurred at Stn H, almost matching the 0.00 value found in Cycle 1 at Stn A, the station most distant from the farm sites.
Statistically significant increases in densities of nauplii were ob served at Stns C, G and E in Cycle 2 compared to Cycle 1 (Table 3) . At Stn A (furthest from farm sites), no significant increase was found between cycles, while at Stn H (the vacated farm site) the nauplius density decreased significantly between cycles. Similar to the trends for nauplius densities, in Cycle 2 compared to Cycle 1 the copepodid densities increased significantly at all stations 
DISCUSSION
The relocation of the salmon farm at Stn H brought about a significant reduction in the densities of nauplii at the site of the removed farm, but no significant reduction in infection pressure, as represented by densities of the infectious copepodid stage, was observed at that site. We discuss the significance of these findings and possible implications for the management of Atlantic salmon farms and wild salmonid fisheries.
The 4 nauplii inconclusively identified had C T values that were improbably high. Real-time PCR is an extremely sensitive method and high-C T -value false positives can be produced from minuscule quantities of DNA within a sample. These very small DNA quantities likely result from tissue fragments of other larvae entering the pre-lysis tubes. The 3 nauplii that were negative for both the Lepeophtheirus salmonis and Caligus elongatus probes could have been other caligid copepods. All the remaining nauplii and copepodids analysed were identified as L. salmonis. Previous studies of planktonic sea lice in the Loch Torridon system similarly found L. salmonis to represent the major component of the louse larvae recovered , Penston et al. 2008a ,b, Penston & Davies 2009 , Kilburn et al. 2010 . Given the evident predominance of L. salmonis in the sub-samples, we assumed the majority of the louse larvae recovered in this study were that species.
Previous surveys for planktonic louse larvae determined that the regular recovery of nauplii, which only persist for about 4 d at 10°C before developing to the copepodid stage (Johnson & Albright 1991) , is indicative of an important source of louse larvae nearby to those sampling stations (Costelloe et al. 1995 , 1998a ,b, Penston et al. 2004 , 2008a . To investigate whether the relocation of the farm had any effect on the distribution of larval sea lice at the vacated site (Stn H), we compared the densities and stages of the larvae at that location before and after the relocation. In Cycle 1, mean densities of nauplii and copepodids at Stn H were over an order of magnitude greater than at other stations. Whereas in Cycle 2, after the biomass of Farm 2 (near Stn H) had been relocated to Farm 3 (near Stn G), the densities of nauplii adjacent to the vacated site were lower than at any other station. The copepodid densities at the vacated site (Stn H) in Cycle 2 were the third lowest of all of the sampled stations. The high mean density of nauplii found during Cycle 1 at Stn H (near Farm 2), indicated a local source of larval lice during that period. This contrasted with the low mean density of nauplii found there in Cycle 2, after Farm 2 was removed, which indicated the absence of a nearby source of lice.
Earlier studies in the Loch Torridon system found that salmon farms can be a major source of lice (Penston et al. 2008a ,b, Penston & Davies 2009 . Given that Stn H was situated adjacent to Farm 2 (before it was relocated), it is very likely that the larvae, particularly the nauplii, recovered at that station originated from adults at Farm 2. What is important to note is that although mean densities of the infectious copepodids were 50% lower in Cycle 2 compared to Cycle 1, a moderate density was still observed at that location and the decrease was not statistically significant. (Holm 1979) . Plus and minus signs indicate positive and negative differences Therefore, the farm relocation did not result in a significant reduction in infection pressure, as represented by densities of the infectious copepodid stage, at Stn H. Although lower than at Stns C and G (near other farm sites), the nauplius fraction at Stn H was still high in Cycle 1 relative to that at Stns A and E (situated further from the farms). The nauplius fraction at Stn H in Cycle 2 was approximately zero, similar to the low fraction at Stn A, which was the station most remote from farms. These low fractions consistently indicated the absence of a nearby source of lice. However, as discussed later, variation in the nauplius fraction at any one location will also be influenced by the local hydrography (including wind-generated surface currents) and topography.
Rapidly metamorphosing nauplii will generally be found in higher densities closer to a lice source. The nauplius fraction at each station provides an index to assess the proximity of a major source of Lepeophtheirus salmonis larvae. The index is indicative only, given that hydrographic conditions vary between stations. Stations adjacent to farms were found to have a greater nauplius fraction than stations more distant from farms (~2 km in this instance). Earlier studies found no nauplii at the mouth of the River Shieldaig which is 4.6 km from the nearest Atlantic salmon farm , Penston et al. 2004 . Costelloe et al. (1996) also found a similar pattern with samples collected closer to an Atlantic salmon farm having a greater proportion of nauplii to copepodids than samples collected distant from that farm. The ratios presented in the present study are consistent with those seen previously in this area; higher close to the farms and lower at stations further away from them (Penston et al. 2004 (Penston et al. , 2008b . This consistency in the pattern observed using this nauplius fraction over time and space supports its wider application as an index of proximity to sources of lice.
At all stations, the sampled densities of nauplii and/or copepodids increased significantly in Cycle 2 compared to Cycle 1, except at Stn H from where the farm (Farm 2) was removed. It is of interest to consider whether this may have been influenced by the farm relocation. These increased densities were most likely due to an increase in the number of lice being released from the local Atlantic salmon farms, as the farms were found to represent the greatest source of lice in the area (Penston & Davies 2009 ). The most likely causes of increased louse production at the farms were (1) changes in the environmental conditions affecting louse growth and survival, (2) changes in the efficacy of louse treatments (the ability of chemotherapeutants to remove lice), and (3) the increase in the size of Farm 3.
Low salinity levels (< 29) can compromise the survival of Lepeophtheirus salmonis larvae . However, it is unlikely that salinity fluctuations between cycles could account for the change in larvae densities, since the sea water remains near full salinity strength in the Loch Torridon system as a result of low freshwater input (Murray & Gillibrand 2006 , Amundrud & Murray 2009 ). Although an increase in temperature can increase the growth rate of lice (Johnson & Albright 1991) , measurements made in the Loch Torridon system between February 2004 and June 2007 showed that sea surface temperatures (mean ± SD: 10.5 ± 2.0°C) did not increase significantly between the observed production cycles (Penston & Davies 2009 ). It seems unlikely, therefore, that the increase in louse densities between Cycles 1 and 2 was due to changing environmental conditions.
The observed increase in louse densities between Cycles 1 and 2 may in part be explained by the efficacy of louse treatments and this should be considered independent of the farm relocation. In the Loch Torridon system between the production cycles of 2002-2003 and 2004-2005 (the latter spanning the present Cycle 1), a significant decrease in the densities of Lepeophtheirus salmonis larvae was described by Penston et al. (2008b) . This decrease was attributed to applications of ema mectin benzoate at Farm 1. In 2007, for the first time in the Loch Torridon management area, the numbers of gravid lice on farmed Atlantic salmon did not decrease in response to applications of emamectin benzoate, perhaps as a result of ineffective treatments (Penston & Davies 2009 ). Numbers of ineffective emamectin benzoate louse treatments increased at Atlantic salmon farms in Scotland from 2002 to 2006 (Lees et al. 2008) .
While exchange of larvae may occur between all 3 basins in the Loch Torridon system, transport of larvae is not equally likely in all directions. In Cycle 1, when louse larvae were being produced in high numbers by Farm 2 in the Lower Loch Torridon basin, low densities of both nauplii and copepodids were found in the Loch Shieldaig and Upper Loch Torridon basins. This suggest that few, if any, larvae were transported from Farm 2 to the upper basins in Cycle 1. These findings are supported by predictions of a coupled hydrodynamic-particle model developed for the Loch Torridon system, which indicated that few lice released from farms in Lower Loch Torridon would be transported towards Loch Shieldaig or Upper Loch Torridon (Amundrud & Murray 2009 ). The factor limiting the landward transport of larvae from Stn H, near the location of Farm 2, is local topography; the area is enclosed by steep cliffs on 3 sides giving it an amphitheatre appearance facing seawards.
In contrast with Cycle 1, louse larvae were being produced in high numbers by Farms 1 in Loch Shieldaig and Farm 3 in Upper Loch Torridon during Cycle 2.
These louse larvae may have been transported from the inner basins to Stn H, where they appeared in our samples as copepodids. Amundrud & Murray (2009) predicted that larval lice released at locations throughout Loch Shieldaig and Upper Loch Torridon can be transported to the proximity of Stn H in the Lower Loch Torridon basin. It is unlikely that the copepodids recovered at Stn H in Cycle 2, or anywhere within the Loch Torridon management area during the present study, were transported there from farms in neighbouring management areas as the closest ones are > 30 km distant. A 10-yer study of sea lice infection on sea trout on the west coast of Ireland indicated that lice could disperse up to between 25 and 30 km from farms (Gargan et al. 2003) , and most sea lice dispersal models do not predict larvae to travel > 30 km (Krkošek et al. 2005 , Murray & Gillibrand 2006 , Gillibrand & Willis 2007 , Amundrud & Murray 2009 ).
CONCLUSIONS AND IMPLICATIONS
The findings of the present study have implications for the salmon aquaculture industry and for wild salmonid fisheries. The removal of Farm 2 from Lower Loch Torridon led to a significant reduction in the production of Lepeophtheirus salmonis nauplii at the vacated site. Despite this, L. salmonis larvae were transported to that site from elsewhere in Cycle 2. The most likely source of the larvae transported to the vacated site (Stn H) was one or more of the other farms in the Torridon management area. These other farms were ~5 to 8 km distant from the site of the removed farm, indicating that the larvae were transported at least 5 to 8 km, and possibly further. Therefore, in terms of louse control, sites within a conservative distance of 8 km of one another may not be considered independent in this system, and the Torridon management area should be, and is, > 8 km from the neighbouring management areas. Separation distances are likely to vary with differences in hydrographic constraints and connectedness between management areas; nevertheless, the findings in this area should be taken into consideration elsewhere. Our study indicates that if farm relocation is being considered, with a view to reducing louse abundance, then possible transport of L. salmonis larvae from neighbouring farms to the area of concern must be considered. 
